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ABSTRACT  Threshold  spectral  sensitivities  (in  the  dark,  or  against  bright 
colored backgrounds) are identical in the red-green range for both protanopes 
(dichromats)  and  protanomalous  trichromatic  color  defectives.  The  latter, 
however, must have an additional photolabile cone pigment in the red-green 
range,  and  its  presence is  revealed by heterochromatic brightness  matching 
through the spectrum (i.e. luminosity curves). The absorption spectrum of the 
anomalous cone pigment can  be inferred from the protanomalous and  pro- 
tanopic luminosity curve, given reasonable assumptions as to how the different 
cone mechanisms pool their responses.  Depending upon these assumptions, the 
pigment inferred is either (a) dilute solution of the normal red pigment (assumed 
density 1.0 for the deuteranope) or (b) similar in its absorption spectrum to the 
normal green pigment but shifted slightly toward the long wave end of the 
spectrum. Experimental attempts to choose between these alternatives have so 
far  proved  equivocal  though (b)  seems more likely on  the  basis  of indirect 
evidence. 
Protanomalous  trichromatism--an  anomaly  of  color  vision  which  affects 
about 1% of the male, and 0.02% of the female, population--is operationally 
defined by the need for a  larger than normal amount of red in a  red-green 
mixture matched to a  yellow (Rayleigh,  1881).  In a  previous paper  (Alpern 
and Torii,  1968 a)  it was shown that the only reasonable explanation is that 
the absorption  spectrum of at least one of the three cone visual pigments in 
protanomalous  trichromats  is  different  from  the  comparable  normal  pig- 
ment(s). 
The nature of this spectrum  (or spectra)  is  a  mystery, since by the usual 
techniques for measuring action spectra of visual pigments in living human 
eyes, namely retinal densitometry (Rushton,  1963)  and two-color thresholds 
(Stiles,  1939,  1959), protanomalous trichromats cannot be distinguished from 
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protanopes (Rushton,  1965 a; Wald,  1966). The latter are dichromats known 
to  have  the  normal  cone  visual  pigments  in  the  blue  and  green  cones  but 
lacking  the visual  pigment,  erythrolabe,  normally  found  in  the red-sensitive 
cones  (Rushton,  1963;  Wald,  1966). 
In  the  present  paper,  we  report  measurements  of  foveal  luminosity  of 
protanomalous observers. Although it is commonly stated that protanomalous 
luminosity differs little,  if at all,  from that  of the protanope,  the evidence on 
this point is not extensive. The best and most recent measurements  (McKeon 
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FIGURE  1.  Drawing of the apparatus as seen from above. The circular fields as seen by 
the subject are sketched in the upper right-hand part of this figure, to the left for bright- 
ness matching and to the right for two-color thresholds. 
and Wright,  1940) on protanomalous trichromats cover a fairly limited range 
of the  spectrum  and  are  derived  indirectly  from  color-matching,  assuming 
Abney's  additivity  law.  We  have  studied  the  matter  using  direct  hetero- 
chromatic brightness matching,  step by step through  the spectrum,  changing 
the  wavelength of the  standard  six times  in the  spectral  traverse  so that the 
test and comparison never differ very much in hue. 
While  this  method  has  a  number  of disadvantages  compared  with  other 
possible  techniques,  one  advantage  is  that  the  synthesis  of the  luminosity 
curve operationally defined in this way from the underlying cone mechanisms 
can be treated  analytically  by the  most likely alternatives  of the  Helmholtz 
line element  (Stiles,  1946 b). Therefore,  if reasonable  assumptions  about  the 
"normal"  protanomalous  cone pigment(s)  are possible,  there is some reason 
to believe that  the absorption spectrum of the unknown protanomalous  pig- 
ment(s) might be inferred from such data. M.  ALPERN AND  S.  TORII  Luminosity Curve of Protanomalous Fovea  719 
METHOD 
The  major part  of the  apparatus  (Fig.  1)  was designed  and  calibrated  by the  late 
B.  S.  Pritchard  and  has  been  described  in  detail  elsewhere  (Pritchard,  1958).  In 
brief,  it consisted of a  Hilger-Watts constant  deviation  prism  monochromator (M) 
which provided a  monochromatic beam of light of any desired wavelength filling the 
central  0.5 °  disc  part  of a  disc-annulus  photometric  field.  This  light  path  was  at- 
tenuated  by broad-band gelatin filters  (F)  (changed five times during each spectral 
traverse)  to  obviate  monochromator stray  light,  and  by  a  Wratten  No.  96  four 
log10 "neutral" wedge (W) to vary its  intensity.  The entrance slit of the monochrom- 
ator was varied with wavelength to  keep  the  band-pass  within  the  limits  2.6  and 
6.5  nm in  the  spectral  range 400  and  700 nm, which in  all  these  experiments  was 
covered in  10 nm steps.  Light from the same source (S) bypassed the monochromator 
and was rendered monochromatic by one of six different combinations of interference 
and gelatin filters (Xm,x =  402 nm, 430 rim, 470 nm, 520 nm, 590 nm, or 650 nm). 
The light in this field filled the  1  ° annulus in the photometer  cube (C), and its lumi- 
nance was varied by a similar "neutral" wedge (W'). Both beams were focused onto 
the artificial pupil (P), and the filament images in this plane were slightly larger than 
the rectangular--I mm wide and 3.5 mm high--pupil. The lens (L) near the artifi- 
cial pupil corrected partially for the chromatic aberration of the eye according to a 
formula developed by van Heel (t946). 
In  some  experiments  an  additional  field  was  provided  by  light  from  a  second 
source S/p viewed by reflection at the removable glass plate (G'). This light could be 
made  "monochromatic"  by  combinations  of interference  and  gelatin  filters  at  F Ip 
and  attenuated  by neutral  Wratten  No.  96  step  filters.  In  this  case,  fixation  lights 
separated vertically by 2 ° were provided by two small miniature filament lights (not 
shown)  above  and  below  the  test  field.  This field  could  be viewed  continuously or 
alternately with the test field by interrupting one or the other beam with a cardboard 
episcotister (D') mounted on a constant speed motor (not shown).  In most cases this 
field size was 3.2°; however, in some instances a  larger 5.5 ° field was used.  In some 
experiments the light beam through the monochromator was exposed as a  brief flash 
(either 0.04 or 0.2 see) once a second by an episcotister (D) mounted on a second con- 
stant speed motor (also not shown). 
The calibration of the light source,  neutral  and  color filters,  wedges,  and  optical 
system followed  orthodox procedures,  described  in  detail  by Pritchard  (1958).  All 
spectra are presented in relative energy units at the cornea. 
The measurements consisted of the subject's adjustment of the wedge (IV)  to ob- 
tain either a  brightness match or a threshold. 
1.  Heterochromatic Brightness Match 
The dominant wavelength of the standard  field  ( 1  ° annulus)  was set at 402 nm and 
that of the test at 400 nm. The standard wedge was set so that the field had some pre- 
determined value. Usually this was about 2.0 trolands, but occasionally it was higher. 
The subject adjusted  W for an exact brightness match, neglecting any differences in 
hue.  Subjects experienced little or no difficulty in doing this reliably. The test wave- 72o  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  1968 
length  was  changed  to 410  nm  and  the  process repeated.  The  measurements  then 
proceeded in  10 nm steps through the spectrum. When the test wavelength reached 
430 nm, the wavelength differences were sufficiently large that any larger discrepancy 
between  test  and  standard  would  have  been  troublesome.  At  this  point  after  the 
wedge  W was adjusted  to match the 402  nm standard,  this combination of interfer- 
ence and gelatin filters in the standard field at F' was replaced with a new combina- 
tion without disturbing  the setting of IV. The new combination of interference and 
gelatin filters in  the standard  field  at F' had  X=~  --  430  nm.  The intensity of the 
standard field was now varied to match the test by adjustment of W', in this case an 
exact match (color and  brightness).  With  this adjustment of the standard  field,  the 
spectral traverse of the  test was resumed.  In this way the  measurements proceeded 
through  the  spectrum.  Six different  combinations of standard  field gelatin interfer- 
ence filter combinations (as listed above) were used in the complete spectral traverse. 
After reaching the red end of the spectrum, the reverse procedure was followed be- 
ginning  at  the  red  end  of the  spectrum  and  finishing  finally  at  the  starting  point. 
Large discrepancies between matches made at the same wavelength, going first from 
the blue to the red end of the spectrum and then reversing, indicate an accumulation 
of errors in the successive adjustments of the standard. Most subjects' settings repeated 
well within  a  range of 0.3  log10 unit.  The occasional discrepancies  larger  than  this 
were regarded  as justification for the repetition  of the entire procedure.  The entire 
double traverse of the spectrum can be completed in about 45 min with a  good ob- 
server. In general, because of their reduced hue discrimination in the red-green range, 
naive dichromats and anomalous trichromats make these adjustments more reliably 
than naive normal trichromats, in fact as well as trained normal trichromats. 
2.  Thresholds 
In some experiments, subjects adjusted  W for threshold  of the monochromatic field. 
In  these  experiments,  the  standard  field was  occluded  and  the  subjects  fixated  be- 
tween  two  small  miniature  filament  lamps,  one  1 °  above,  the  other  1  °  below  the 
center of the test. The test was flashed by rotation of episeotister D  once per second. 
The results for the fully dark-adapted fovea have the  difficulty  that  rods  may  con- 
taminate  the settings even in very trained subjects (Stiles,  1946 a), particularly in the 
blue and green parts of the spectrum. This can be obviated by adapting the fovea to 
the light from S" for 45 see so that nearly all of the visual pigment in the central area 
of the retina is bleached. After about 5 min, the foveal cones have regained their full 
dark sensitivity but  the  rods are at  least  4  or  5  log10 units  above  their  full  dark- 
adapted value (Rnshton,  1965  b). The measurements of threshold were then confined 
to the time interval between 5  and 15 min after a  full bleach. At about 15 min the rods 
and cones  have comparable  thresholds,  and  so  the measurements were interrupted 
by a  second full bleach. After another 5 min wait in the dark to allow the cones to 
regain  their  full  sensitivity,  the measurements were resumed for another  10  rain. A 
third  bleach then followed  and  the  process continued until the spectral traverse was 
completed. 
For thresholds against different backgrounds,  the wavelength and intensity of the 
background  were  held  fixed  and  the  energy  for  threshold  measured  for  each  test 
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RESULTS 
1.  Absolute  Thresholds 
In Fig.  2  A  the dark-adapted  relative spectral  thresholds are plotted  for  a 
single  experimental  run  on  one  protanopic  (open  circles)  and  one  prota- 
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Floum~ 2 A.  Spectral  threshold  sensitivity for  one  protanomalous  trichromat  (filled 
circles) and one protanopic observer (open circles). B.  Spectral sensitivity for the same 
two observers by heterochromatic brightness matching. Each curve is the result of a single 
experimental session. The curves have been normalized to agree at 540 nm. 
nomalous  (filled circles) observer. These results are characteristic of a  large 
number of similar measurements of this kind.  At the absolute threshold for 
the  fovea,  the  spectral  sensitivity of the  protanomalous  trichromats  differs 
not at all from that of the protanope. Since in the red-green range the action 
spectrum  of the  latter  is  determined  only  by  the  absorption  spectrum  of 
chlorolabe (Rushton,  1963),  this probably means that the action spectrum of 722  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  5 2  .  ~968 
the  green  pigment  in  protanomalous  trichromats  is  also  determined  by 
chlorolabe.  The  simplest  assumption  is  that  only the  absorption  of the red 
pigment in  protanomalous trichromats differs from that of the normal.  Fig. 
2 A  suggests, furthermore, that the absolute sensitivity of the green cones of 
the protanomalous fovea is superior in all parts of the spectrum tested in Fig. 
2 A  to that of the "red" cones. 
2.  Two-Color Thresholds 
It might be supposed that, although the green cones determine protanomalous 
absolute  threshold  everywhere in  the  red-green range,  they might  be  sup- 
pressed sufficiently by one sort of intense colored background or another. By 
measuring the  threshold  through  the spectrum against  such  a  background, 
one might then hope to find evidence for the anomalous red mechanism. This 
is essentially the method with which Stiles  (1939)  has so successfully defined 
the characteristics of the color mechanisms of the normal fovea.  We  have, 
however, been unable to find any evidence for a  protanomalous red mecha- 
nism by this method even though we have used a variety of different intensi- 
ties and dominant wavelengths of the background. 
Fig.  3  shows a  series of single measurements of this kind--typical of those 
which have been  carried out.  Different backgrounds  have quite  significant 
influence on the blue mechanism, but regardless of the characteristics of the 
background, the threshold action spectrum in the red-green range agrees with 
that obtained in complete dark adaptation. Fig. 2 A  shows that this latter is 
determined by the absorption  spectrum of chlorolabe in  the green-sensitive 
cones alone. This result is similar to that obtained by Rushton  (1965 a)  and 
by Wald  (1966)  in similar experiments. It is possible that, by combining two 
different wavelengths  in  the  background  field  and  by  using  as  dependent 
variable the field intensity at each spectral  wavelength necessary to make a 
constant test flash invisible, one might be more successful in finding a  particu- 
lar combination which would reveal the anomalous pigment, de Vries (1946) 
(who  was  deuteranomalous),  proceeding  in  this  way,  did  in  fact  succeed 
in teasing out the spectral sensitivity of his own anomalous  (green) pigment. 
However this may be, the results in Figs. 2 and 3 suffice to show that the sensi- 
tivity of the protanomalous red cones must be considerably lower than--or so 
similar in spectral characteristics that it is affected by colored backgrounds in 
the same way as--the sensitivity of the protanomalous (normal) green cones. 
Of course, these are not mutually exclusive alternatives. 
3.  Heterochromatic Brightness Matching 
In  contrast  to  threshold  measurements,  brightness  matching  through  the 
spectrum  reveals  a  small  but  clear  difference between  protanomalous  tri- 
chromats and the protanope.  This is illustrated in Fig.  2 B which compares 
single spectral runs on the same two observers whose thresholds are compared M.  ALPI~I~  AND  S.  TOPAZ  Luminosity Curve of Protanomalous Fovea  723 
in Fig.  2 A. A  small increase in sensitivity of protanomalous trichromats  in 
the red,  and a  decrease in the blue, occur in comparison with the protanope 
when the two curves are normalized, as in Fig. 2 A, at 540 nm. 
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FTOUm~  3.  Two-color  thresholds  on the same protanomalous  subject whose  results  are 
shown as filled circles in Fig. 2. Each curve is from a single experimental session in which 
the background was fixed as indicated and the test varied for threshold. The curves are 
vertically shifted to agree in the region of 550 nm. The background wavelengths  were ob- 
tained by narrow-band interference filters in the green and colored glass filters in the 
red. The adapting field was 3.2 ° in  diameter. 
This discrepancy cannot be due to differences in spectral transmissivity of 
the ocular media in these two observers since these would also show up in the 
results in Fig. 2 A. Nor are they likely to be due to differences in macular pig- 
mentation;  these  two  subjects  have  identical  spectral  fundus  reflection 
coefficient curves  (foveally and  peripherally)  within  the  precision  of  4-0.1 
logz 0 unit that they can be measured with the method described by Brindley 724  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  -  1968 
and Willmer (1952).  It does not necessarily follow, however, that differences 
between the curves illustrated in Fig. 2 B must be due to the contribution of 
the unknown pigment in the anomalous red cones to heterochromatic bright- 
ness match luminosity in protanomalous trichromats. 
This inference is a  likely, but by no means  the only,  interpretation of the 
results in Fig. 2 B. There is a  direct experimental way of testing whether or 
not the differences between protanope and the protanomalous luminosity in 
Fig. 2 B  are due  to the  presence in  the protanomalous  eye of a  photolabile 
red-sensitive mechanism which is  absent in the protanope.  This is  to repeat 
the brightness matching luminosity measurements after adaptation to bright 
chromatic  backgrounds;  it  is  well-known  that  the  luminosity curve  of the 
normal eye can be strongly influenced by bleaching one or the other of the 
red-green  pigments  (de  Vries,  1948;  Brindley,  1955).  If the protanomalous 
luminosity curve is,  like the normal, synthesized by the contribution of two 
photolabile pigments in the red-green range, then one would expect that the 
protanomalous luminosity curve following a red bleach would not agree with 
that obtained after a green bleach. If, on the other hand, the protanomalous 
luminosity curve--like the protanomalous threshold curve--is determined by 
a  single photolabile pigment in the red-green range,  then the curves in this 
region obtained after red and green bleaches should be identical as they are in 
Fig.  3.  It is important to realize, however, that differences expected from a 
two-pigment contribution are not necessarily large. Even under normal con- 
ditions  (Fig.  2  B)  the  curves  of these  two  kinds of defectives are  not  very 
different. 
The energy of the light from the monochromator puts an upper limit on the back- 
ground levels with which  meaningful measurements could  be  made.  This  can  be 
extended considerably by making measurements immediately (within  15  see) after 
the bleaching background is turned off. With these conditions, a green (~m~ =  527 
nm) bleaching light producing 4.84 log10 trolands and a red (X~  =  605 nm) bleach- 
ing light producing 4.95 lOgl0 trolands could be used.  Even so, the test field energies 
required were so large that measurements could be made only between 500 nm and 
650 nm. These adaptation lights, when viewed for 45 sec, are sufficient to bleach more 
than 95 % of the red and green pigments of the normal fovea. The procedure was as 
follows:  The  luminance of the  comparison field  was  set  sufficiently  bright just  to 
allow matches at 500  nm following  a  full 45  sec of adaptation. While the experi- 
menter adjusted the wavelengths of the test and comparison fields at 500  nm, the 
subject fixed the (5.5 °)  adapting field for 45 sec. This was then turned off and the 
subject adjusted the test wedge for a brightness  match within 15 see. The adaptation 
was then resumed for another 45 see and the test wavelength changed to 510  nm. 
When the background was extinguished for 15 more see, the subject again adjusted the 
wedge  W for a brightness  match. In this way, the spectrum was traversed from the 
green to the red end and back under a given set of adaptation conditions.  The whole 
process was repeated in a different experimental session with a different background M.  ALe~.m~  AND  S.  ToPaz  Luminosity  Curve of Protanomalous Fovea  725 
condition. All the adjustments, including those made of the  comparison standard 
(i.e. whenever its dominant wavelength was changed), were made within 15 sec after 
the adaptation field had been turned off. 
Typical results  (single  experiments)  are  illustrated in  Fig.  4  A  (for  a  pro- 
tanope)  and  Fig.  4  B  (for  a  protanomalous  trichromat).  The  protanope 
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Fmm~ 4.  Brightness  matches  made within 15 sec after adaptation to 4.84 logto  trolands 
of green (527 nm) light (filled  circles) or 4.95 loglo trolands of red (605 nm) light (open 
circles) for 45 sec. The adapting field was 5.5 ° in diameter. Each curve from a single ex- 
perimental session. A. Protanope, B. protanomalous observer. 
measurements after full red  or green  bleach show no difference within the 
precision of the measurements. None is expected, for within this spectral range 
only a  single pigment  (chlorolabe)  determines brightness  matches.  For  the 
protanomalous trichromat, however, the matter is quite different. Two photo- 
sensitive pigments must be determining his brightness matches under normal 
conditions because  the matches made after red  bleach  resemble  the  action 
spectrum  of chlorolabe,  but  those  made  after  a  green  bleach  are  clearly 
different. They show  a  shift towards  a  longer wavelength.  Experiments  of 
this kind lead to the inference that the brightness match luminosity curve of 726  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  1968 
the protanomalous trichromat is synthesized by the contribution of two photo- 
sensitive  pigments  in  the  red-green  range  while  that  of  the  protanope  is 
formed by only one. 
These experiments emphasize that  the  measurements of foveal thresholds 
are not valid operations for measuring luminosity, as is  frequently assumed 
(see, for example, Graham and Hsia, 1958; Wald, 1964).  While it may happen 
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that for some normal eyes threshold spectral sensitivity and luminosity curves 
have similar--if not the identical--form, this is not always true. In any event, 
the laws of pooling which seem to underly the two different kinds of measure- 
ments are quite different, as all the results just described clearly show. 
The subtle differences in luminosity between protanopes and protanoma- 
lous trichromats illustrated in Fig. 2  B  are representative of the two respec- 
tive samples and are not chance results between two individuals belonging to 
a  single population sample. In Fig. 5 the means (4-SF.M) of log luminosity ob- 
tained  from  16  protanopes  and  6  protanomalous  trichromats  have  been 
plotted.  The  normal  curve  is  also  included  for  comparison,  and  all  three 
curves  are  normalized at  540  nm  as  before.  The  same characteristics illus- M.  Au,  Eva~ AND  S.  Togu  Luminosiq  Curve of Protanomalous Fovea  7~7 
trated in Fig. 2 B are seen here. There is a  systematic reduced sensitivity of 
protanomalous  trichromats  in  the  blue-green  and  blue  compared  to  the 
protanope, but the variances are large here and the differences are not sig- 
nificant statistically. However, for all wavelengths longer than about 570 nm 
there is a  small, systematic, and statistically significant increased sensitivity 
of the protanomalous trichromats compared with the protanope. 
THEORY 
These  experiments  show  that  the  normalized  heterochromatic  brightness 
match luminosity  curve of the protanomalous trichromat (q~x) differs from that 
of  the protanope (Px) in subtle ways, almost certainly due at least in part to the 
contribution of the anomalous pigment in protanomalous red cones. In what 
follows  it  is  assumed  that  all  these  luminosity differences  are  due  to  this 
anomalous pigment and that such individual differences in prereceptor light 
losses as may occur are averaged out by using the mean curves in Fig. 5, The 
measurements of prereceptor light loss we have so far completed on these sub- 
jects are still preliminary, but they suggest that the assumption is quite reason- 
able. To tease out the spectrum of the anomalous pigment (Mx)  from such 
data, we need to understand how the different cone mechanisms pool their 
responses to yield the step-by-step luminosity curve. This problem is treated 
in detail by Stiles  (1946 b). 
It  is  assumed--following Schroedinger  (1920)--that  two patches of light 
appear equally bright if any change in the intensity of one of them increases 
the minimum number of steps in brightness color space needed to pass from 
the one to the other. The problem of luminosity with this assumption then 
reduces to the nature of the line element in brightness color space. 
Stiles  (1946 b) derived a  modification of the Helmholtz line element from 
his  two-color  threshold  experiments.  The  equation  for  the  suprathreshold 
luminosity curve (Vx) is not an elementary function, but at sufficiently high 
light levels it approaches the limiting form 
log Vx =  log aRx -b  log bGx "k  log cBx  +  kl  ( 1 ) 
In this equation p, 7, and/3 are constants proportional to the limiting Fechner 
fractions of the red, green, and blue cone mechanisms; Rx,  Gx,  and Bx are 
the normalized spectral sensitivities of these three respective mechanisms; a, 
b,  and  c are  constants proportional to  the absolute field sensitivities of the 
different  mechanisms; and  kl  is  the  usual  constant  adjusted  so  that  Vx  is 
unity at the Xmax- 
At low intensities the Stiles equation approaches the limiting form 
k2 V~ =  (aRx/p) ~ +  (bGx/7)'  +  (cBx/fl) 2,  (2) 728  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  I968 
where 
k2  =  (a/o) ~ +  (b/~) 2 -~ (c/~) 2. 
Schroedinger's (1920)  line element, on the other hand, was described with 
the basic objective that brightnesses be strictly additive according to Abney's 
law. His equation for luminosity is, therefore, 
Vx  =  o~Rx q-  ~Gx +  eBx,  (a) 
in which a,  6, and e are weighting factors not explicitly specified except that 
they sum to unity. 
From  retinal  densitometry (Rushton,  1963)  and  two-color threshold  ex- 
periments, it seems evident that the blue and green cones of the protanope are 
essentially the same as those of the normal. The protanope lacks only the red 
pigment, erythrolabe. 
We then write 
[(1)2-t-(~)21 log Px  =  (~)2 log G~,--I--(;)2  log Bx-t-k~  (1A) 
at high intensities and 
+  p2  =  (bGx/3,)2  +  (cBx/3)2,  (21) 
at low intensities, according to the Stiles line element. 
According to the Schroedinger line element, 
(6 +  e)Px =  ~Gx +  ~Bx  (3A) 
Having  assumed  that  all  the differences between the normalized hetero- 
chromatic brightness match luminosity curve of the protanomalous trichro- 
mat  (q~x) and that of the protanope  (Px)  are due to  the contribution of the 
anomalous pigment Mx in the protanomalous red cones, we wish to infer the 
action spectrum of this anomalous mechanism. To do this, we need to make 
an  additional  assumption  regarding  the  protanomalous  weighting  factors 
employed with either of these line elements.  Since this  assumption is neces- 
sarily somewhat arbitrary, it is important to emphasize that the corresponding 
values  for  Mx  inferred  are  to  be  regarded  only  as  suggestive  of classes  of 
explanation  rather  than  as  definitive  spectra.  This  is  especially true  since 
recent developments in  two-color analysis  (Stiles,  1967)  indicate that  some 
refinement of the Stiles line element is in order, though the form it will take 
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1.  Mx by the Stiles Line Element 
The values for p, %  13, a, b, and c quite possibly vary from one individual to the 
next, even among normal observers, so it would be surprising if protanomalous 
observers did not vary in a  similar way.  Since we  have  no  way of experi- 
mentally deciding what assumption is the most reasonable,  the results from 
the following treatment were obtained by assuming that anomalous trichro- 
mats  have  the  same weighting factors  used  for  the  normal  subjects  in  the 
original  (Stiles,  1946 b) analysis, though later work on more subjects  (Stiles, 
1959) gives a somewhat larger weight to the green system. For the protanoma- 
lous observers, changes of this order in the weighting factors do not change 
the  value  of Mx  appreciably. 
When the appropriate substitutions are made in equation (1) we have 
Similarly, 
logMx =  log Cx  --  +  logPx +  k4.  (1B) 
(~) 
~  Mx~ 
=  ~-2  (2B) 
With the relevant spectra obtained from Fig. 5, equations (1) and (2) give 
the same values for Mx  (within the limits of experimental error)  for prota- 
nomalous observers. This spectrum is illustrated by the open circles in Fig. 6. 
Plotted in the same figure is the protanope's luminosity curve (filled circles), 
which,  in the red-green range,  has the shape determined by the absorption 
spectrum of chlorolabe  (Rushton,  1963),  the normal--and  presumably the 
protanomalous--green cone pigment. Thus, the two protanomalous red-green 
pigments have very nearly the same absorption spectra, and this explains the 
difficulty in detecting Mx by retinal densitometry. The failure to resolve the 
protanomalous mystery pigment from the normal pigment by threshold meas- 
urements is  probably  related  to  the fact  that  the maximum difference be- 
tween the ratios  of the normalized sensitivities of the two pigments is only 
0.3 log10 unit--about ~  that of normal IL and II5 mechanisms and about }~ 
that  of II~  and  II~. 1 
1 The  ability  of an anomalous pigment of the sort illustrated in Fig.  6  to  account for  the facts of 
anomalous color vision was first pointed out to us by Professor W. A. H. Rushton in a  personal com- 
munication in March of 1967. Since Professor Rushton has still not published the results of his own 
extensive experiments which led him to arrive at this possibility, it is important to record that  it was 
almost a  year after receiving his letter that we found that the application of the Stiles line element to 
the protanomalous luminosity curve, in the way outlined here, leads to exactly the kind of absorption 
spectrum he had described to us. 73  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 °  •  ~968 
2.  Mx by the Schroedinger Line Element 
The comparable substitution of equation (3 A) in (3) gives 
aMx =  q~x -- (8 +  e)Px.  (3 B) 
If, in fact, Mx is some constant fraction (x) of Px at the short wave part of 
the spectrum  (X  <  Xo), then Mx remains indeterminate by equation  (3 B) 2 
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FIGURE 6.  The  protanomalous  red  (anomalous)  pigment  (open  circles)  inferred from 
the  Stiles line  element  and  the  smoothed  protanope  luminosity  curve  (filled  circles). 
Except for uncertainties in the blue end, the two curves represent the spectra of the red 
and green pigments of the protanomalous observer according to this line element. 
since then the curves of log q~x, log Px,  and log Mx when plotted against X 
all have the same shape for X <  )to. Because Px is synthesized by a mixture of 
two pigments, one of which is maximal in precisely this spectral range  (while 
2 We are indebted to Dr. W. S. Stiles for pointing this out to us. M.  ALPERN AND S.  TomI  Luminosity Curve of Protanomalous Fovea  731 
Mx is only a  single pigment whose maximum is presumably in the red part 
of the spectrum),  this seems improbable. Accordingly, we have assumed that 
any  contribution  of Mx  to  protanomalous  luminosity for  X  <  510  nm  is 
trivial and can be neglected. This assumption leads to serious error only for a 
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FiouP~  7.  The  mean  results  from  protanomalous  trichromats  (filled  circles) and 
protanopes  (open  circles) shown in Fig.  5 shifted vertically  to agree for wavelengths 
_NSI0 nm. Squares are the logarithms of the arithmetic differences of the antilogs of the 
smoothed curves drawn through the open and filled circles. This is the spectrum of the 
red anomalous pigment predicted  by Schroedinger's line element (equation  3 A). The 
solid line through the squares is theoretically clear erythrolabe calculated on the assump- 
tion that the (quantized and media-corrected) deuteranope's curve is the action spectrum 
of  erythrolabe at density 1.0 (after reconverting to energy basis at the cornea). 
combination  of circumstances  a  >>  (8  +  e)  and  x  large.  Neither  of  these 
seems likely with simple linear adding (equation 3) because the protanomalous 
luminosity curve is so strikingly similar to that of the protanope. Nevertheless, 
the arbitrary nature of this assumption means that the values for Mx inferred 
can  again be  regarded  only as correspondingly tentative. 
The squares in Fig. 7 show the spectrum of Mx obtained using equation (3) 
in  this  way.  The  weighting  factor has  been  determined  by  the  amount  of 
vertical  shift of the  protanope's  luminosity curve  (open  circles)  required  to 732  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  5  ~  •  1968 
make it agree with the protanomalous curve (filled circles) for X  <  510 nm. 
(The squares can be computed directly by taking the logarithm of the differ- 
ence in the antilogs of the curves drawn through the open and filled circles in 
this  figure.)  The position  of the  squares  in  this  figure relative  to  the open 
circles shows how it happens that two-color threshold experiments cannot de- 
tect the presence of the anomalous pigment. 
The smooth curve drawn through the squares in Fig. 7 shows the theoretical 
absorption  spectrum of a  dilute solution of erythrolabe calculated with  the 
assumption  that  the deuteranope's luminosity curve reflects the  absorption 
spectrum of a  dense solution of erythrolabe (peak density 1.0  at Xmax ---- 565 
rim).  The  agreement--though  imperfect--is  reasonable,  particularly  as  no 
special significance should be placed on the precise value for the density of the 
erythrolabe assumed in the deuteranope. The small density of the anomalous 
pigment  would  account  for  the  inability  to  detect  its  presence  by  retinal 
densitometry. 
There  is  no  direct  evidence  available  to  substantiate  the  view  that  the 
deuteranope's erythrolabe is in such dense solution. However, both Enoch and 
Stiles  (1961),  on the basis of measurements of the change in color-matching 
properties of the  (normal)  eye with eccentric pupillary entry,  and Brindley 
(1955), on the basis of the upset of normal color matches after full red bleaches, 
have  assumed  that  the  erythrolabe in  normal  red  cones  is  in  considerable 
density. The latter's estimate (0.98) is almost precisely that used here. 
The above analysis suggests that the anomalous red pigment of the prota- 
nomalous trichromat is either dilute erythrolabe or a  pigment with  an  ab- 
sorption  spectrum so close to  that  of the normal  (green)  pigment that  the 
usual means of measuring human cone pigment cannot detect it.  How can a 
decision between these alternatives be reached? 
EXPERIMENTAL  EVALUATION  OF  THE  SELF- 
SCREENING  HYPOTHESIS 
The possibility that dilute erythrolabe is the anomalous red pigment was con- 
sidered and rejected by Baker  (1966)  because the normal eye was found to 
recover its  anomaloscope matches very quickly  (within  30  sec)  after all  its 
erythrolabe had  been  bleached  away.  His  results  are  contrary to  those  of 
Wright (1946), de Vries (1948 a), and Brindley (1955), whose recovery curves 
were elevated longer  than  2  rain  following the  full  bleach.  We  have  been 
unable to account for these discrepancies by any of the (rather second-order) 
differences of experimental design, and so we have repeated the experiment 
once more following Baker's procedure carefully (with one difference). 
A tungsten light filtered by a narrow-band (k=ax =  625  4- 3 nm) interference filter 
provided a retinal illuminance of 6(10) 6 trolands when seen in a  12 ° field in Max- M. ALPERN ~I~ S.  TomI  Luminosity  Curve of Protanomalous  Fovea  733 
wellian view with a  2.0  mm artificial pupil.  Viewed for 45  sec, it was sufficiently 
intense to bleach all but about 0.001 of the erythrolabe in the normal eye. 
The anomaloscope has the same design as that described by Baker and Rushton 
(1963).  The light from a tungsten ribbon filament is divided into three beams, one of 
which is focused  on the entrance slit  of the Hilger and  Watts  constant  deviation 
prism monochromator. The monochromator provided the yellow matching field  in 
conjunction with a  Wratten No.  21  filter (to obviate monochromator stray light). 
The dominant wavelength was 589  nm. Two narrow-band interference filters  pro- 
vided the red (675  4-  3 nm) and green (552  4-  3 nm) matching fields which were 
brought next to the yellow by reflection at the very edge of a front surface mirror. The 
transmitted light (from the monochromator) and the reflected light from the red and 
green fields were focused on a 2 mm artificial pupil by a Maxwellian view lens. Im- 
mediately behind this lens was a field-stop  iris diaphragm which limited the size of 
the field to 2 °. In front of this lens was a rotating polaroid whose position determined 
the ratio of red and green in the mixture because these two beams were orthogonaUy 
polarized with respect to each other. The luminance of each field could be altered by 
independent neutral (Wratten No. 96) wedges. In the present experiments, they were 
adjusted in the way employed by Baker: Before the experiment a protanope adjusted 
the intensity of the yellow light to match the full intensity of the green channel. He 
then adjusted the intensity of the full red channel by using its wedge to match the 
yellow. Any changes in setting of the polaroid reflect changes in the concentration of 
erythrolabe since  each setting of the polaroid causes  the same effect on chlorolabe 
(assuming, of course,  that  the  spectrum of  chlorolabe doesn't change during  the 
bleach). 
In all these ways the experiments follow Baker.  However, we found, as had Baker, 
that matches following the bleach were erratic--also characteristic of many prota- 
nomalous observers  under routine  anomaloscope testing.  We  therefore adopted  a 
method similar to that used in testing of the anomalous trichromats, that is measuring 
the range over which the match is acceptable. This provides two measures of recovery 
rather than one since it is not only the midpoint, but also the width, of the range of 
red-green where matches are acceptable that is important. 
Following the bleach and shifting from the bleach field to the anomaloscope, the 
subject rotated the polaroid until the match field was, say, just too green. The position 
and the moment after bleaching were recorded by the experimenter, and the subject 
quickly turned the polaroid until the match was just too red. In this way the process 
was repeated again and again until complete recovery had occurred. The experiment 
was repeated five times on each of three normal subjects. 
The results are illustrated in Fig. 8, which shows the log Ua/Uo as function of 
time after bleach. The open circles represent the "too red," the filled circles 
the "too green," limit. For none of these observers is the recovery completed 
within the 30 sec found by Baker. In general, the matches return to a normal 
midpoint and range at about the same rate as that found by Brindley (1955) 
and by de Vries (1948 a), and somewhat slower than found by Wright (1946). 
Even in this small sample, individual differences are large, and this more than 734  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5  2  •  ~968 
anything else is probably responsible for the variety of results described in the 
literature. 
It should be noted, however, that the results confirm Baker in the sense that 
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MINUTES AFTER FULL BLEACH {625 nm} 
Change in the ratio of red (675 nm)  to green (552 nm)  needed to match a 
monochromatic yellow (589 nm)  after a  full red  (625 nm)  bleach on three normal sub- 
jects.  The  open  circles give  the  upper  limit,  the  filled  circles the  lower  limit,  of the 
match.  Five experimental sessions for each observer--each point is an individual meas- 
urement.  The  smooth  line  is  theoretical,  calculated  with  the  assumptions  that  the 
erythrolabe  is normally of density  1.0  and  that  the chlorolabe absorption  spectrum  is 
unaffected by the bleach. 
normal matches are achieved more quickly than expected, given the known 
rate of erythrolabe regeneration. The smooth curves in Fig. 8 are the theoreti- 
cal recovery of the match midpoint calculated from the kinetics of erythrolabe 
measured by Rushton (1963),  assuming only that the peak density of normal 
erythrolabe has a value of 1.0  (and that no change in the chlorolabe spectrum 
occurs  during  the  bleach). M.  ALPgEN AND S.  To~  Luminosity  Curve of Protanomalous Fovea  735 
DISCUSSION 
The discrepancy between the measured  and  expected recovery illustrated  in 
Fig.  8  is probably not large  enough  to exclude the self-screening  hypothesis 
since, in a  number of ways (notably color-bleached products), dilute erythro- 
labe in normal red cones produced by full red bleaching  can be expected to 
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FIOURI~ 9.  Color-matching characteristics of protanomalous observers in the red-green 
range. Numbers represent the red trichromatic  coefficients  in the color-matching (test 
wavelength on the abscissa) experiments of McKeon and  Wright  (1940) on six pro- 
tanomalous trichromats (each number a different subject). The solid line is the theoretical 
setting predicted if the red and green pigments of the protanomalous observers had the 
respective action spectra indicated by the open circles and squares in Fig. 7 (i.e. accord- 
ing to the Schroedinger line element). The broken line is the settings predicted if the two 
pigments have the spectra in Fig. 6 (i.e. Stiles, line element). 
differ  from  hypothesized  dilute  erythrolabe  in  protanomalous  red  cones. 
Furthermore,  preliminary  results  of the  experiment  on  one  protanomalous 
trichromat  suggest that,  in this case,  only the range is widened after full red 
bleach  and  that  the  midpoint  is  virtually  unaffected.  This  is  in  agreement 
with the expectations of the self-screening hypothesis. 
A  second  way of deciding  between  these  alternative  protanomalous  red 
pigments is to test how adequately they predict the anomalous color-matching 
properties.  McKeon  and  Wright  (1940)  have  studied matches  of six  prota- 
nomalous observers; their results are illustrated  in Fig. 9  (each subject repre- 
sented  by  a  different  number).  Since  in  the  red-green  range  all  subjects 
matched  with  only  the  red  and  green  primaries,  only the  red  coefficient is 736  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  I968 
plotted in this figure  (the green being exactly complementary). The solid line 
in  this figure is the relation  predicted with the pigments illustrated  in Fig.  7 
and  the broken line that  obtained with the spectra in Fig.  6.  The  latter  is  a 
slightly  better fit than  the former, but these agreements  are neither  so good, 
nor so bad, as to indicate a strong preference of one hypothesis or the other. 
Equally indecisive results are obtained by protanomalous heterochromatic 
brightness matching of a mixture of two equally bright (to the protanomalous) 
monochromatic lights. The Stiles line element leads in the most extreme case 
[a mixture  of blue  (420 nm)  and  red  (675  nm)]  to  a  departure  from linear 
addition of 0.08 log10 unit, but we have been unable to repeat the experiment 
on any protanomalous  observer with a  precision better than  twice this value. 
Thus,  a  decision between these alternatives  remains  equivocal.  On purely 
physiological grounds  there is reason for preferring  equation  (1)  to equation 
(3)  since,  at least for the case of pooling of rods with cones, there is evidence 
for  exactly this  kind  of operation  in  the  frog  (Donner  and  Rushton,  1959) 
and  human  (Alpern  and  Campbell,  1962)  retina.  Even  within  the  cones 
(Tomita  et  al.,  1967)  a  compressive  (logarithmic)  transform of the light  in- 
tensity can  be recorded  so that  linear  adding  of brightnesses,  given  obvious 
differences  in  hue,  seems  less  and  less  likely  as  understanding  of  retinal 
physiology increases.  Furthermore,  the  Stiles line  element  is  more successful 
than  the Schroedinger  in predicting  the absorption spectrum of erythrolabe, 
given  the  normal  and  protanopic  luminosity  curves.  Stiles  (1946  b)  in  his 
original  treatment  found  good  agreement  between  the  measured  step-by- 
step  visibility  curves  and  that  predicted  by  his  line  element  (using  the 
spectra inferred  by two-color techniques).  Finally, when applied  to deutera- 
nomalous  color-matching,  the  processes  described  by  equation  (3)  lead  to 
certain  inconsistencies  which  are  described  in  the  following  paper  (Alpern 
and Torii,  1968  b).  None of these difficulties is  crucial,  however,  so that  an 
independent  experimental  distinction  between these possibilities is needed. 
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